Intracellular bacteria have been observed in various species of ¢larial nematodes (family Onchocercidae). The intracellular bacterium of the canine ¢laria Diro¢laria immitis has been shown to be closely related to Wolbachia, a rickettsia-like micro-organism that is widespread among arthropods. However, the relationships between endosymbionts of di¡erent ¢lariae, and between these and the arthropod wolbachiae, appear not to have been studied. To address these issues we have examined ten species of ¢larial nematodes for the presence of Wolbachia. For nine species, all samples examined were PCR positive using primers speci¢c for the ftsZ gene of Wolbachia. For one species, the examined samples were PCR negative. Sequences of the ampli¢ed ftsZ gene fragments of ¢larial wolbachiae fall into two clusters (C and D), which are distinct from the A and B clusters recognized for arthropod wolbachiae. These four lineages (A^D) are related in a star-like phylogeny, with higher nucleotide divergence observed between C and D wolbachiae than that observed between A and B wolbachiae. In addition, within each of the two lineages of ¢larial wolbachiae, the phylogeny of the symbionts is consistent with the host phylogeny. Thus, there is no evidence for recent Wolbachia transmission between arthropods and nematodes. Endosymbiont 16S ribosomal DNA sequences from a subset of ¢larial species support these ¢ndings.
INTRODUCTION
Filarial nematodes (family Onchocercidae) are arthropodborne parasites of vertebrates, and are responsible for major human health problems in developing countries, such as river blindness (caused by Onchocerca volvulus) and tropical elephantiasis (caused by Brugia malayi and Wuchereria bancrofti). In animals, heartworm disease of dogs and cats is caused by another ¢larial nematode, Diro¢laria immitis. Intracellular bacteria have been observed in various species of ¢larial nematodes, including D. immitis, D. repens, O. volvulus, B. malayi, and B. pahangi (McLaren et al. 1975; Vincent et al. 1975; Kozek & Marroquin 1977) . There is evidence that these bacteria are transmitted transovarially, in that they have been observed in oocytes, developing eggs, and micro¢lariae in D. immitis and O. volvulus (McLaren et al. 1975; Kozek & Marroquin 1977; Sironi et al. 1995) . In D. immitis, bacteria have also been detected in larvae recovered from the intermediate mosquito host (McLaren et al. 1975; Sironi et al. 1995) .
The intracellular bacterium of D. immitis has been identi¢ed as a close relative of Wolbachia (Sironi et al. 1995) . Wolbachia is a coherent group of rickettsia-like bacteria infecting a wide range of arthropods, and is placed in the a2 subclass of the proteobacteria (O'Neill et al. 1992; Werren et al. 1997) . These bacteria have attracted a great deal of attention because they manipulate host reproduction (Werren 1997) . No formal redescription of Wolbachia has been published in recent years, but D. immitis has been listed among the hosts of this bacterium (Werren & O'Neill 1997) . We shall thus follow these authors and use the generic name Wolbachia to indicate the phylogenetic group which encompasses arthropod wolbachiae and their relatives found in ¢larial worms (see, also, ½ 4).
The identi¢cation of the D. immitis symbiont as a relative of Wolbachia provided the ¢rst evidence for the presence of these bacteria outside the Arthropoda and raised a number of important questions. Do the other ¢larial bacteria belong to the Wolbachia group? Do the endosymbionts from nematodes form a distinct group from those in arthropods? Is the association with Wolbachia an ancestral and stable characteristic of ¢larial nematodes? The last question has important implications regarding the nature of the interactions between intracellular bacteria and ¢larial nematodes. A long, stable and frequent association, characterized by strict vertical transmission, would imply host^symbiont co-adaptations and, potentially, mutualistc interaction. On the other hand, a recently established and patchily distributed association, with horizontal transmission of symbionts in addition to the vertical route, may imply some ¢tness cost to the host, including reproductive parasitism (Werren & O'Neill 1997) . To address the above questions, we used the polymerase chain reaction (PCR) to screen ¢larial species for the presence of Wolbachia. PCR-ampli¢ed ftsZ and 16S ribosomal RNA genes (16S rDNA) were then sequenced and used for phylogenetic analyses.
MATERIALS AND METHODS
(a) Filarial parasite materials; PCR ampli¢cation and DNA sequencing
The following species of the family Onchocercidae (sensu Anderson 1992) were included in this study: Diro¢laria immitis and D. repens from the subfamily Diro¢lariinae; Acanthocheilonema viteae, Brugia malayi, B. pahangi, Litomosoides sigmodontis, Onchocerca gutturosa, O. gibsoni, O. ochengi and Wuchereria bancrofti from the subfamily Onchocercinae. Specimens from laboratory strains of A. viteae, B. malayi (AT), B. pahangi, and L. sigmodontis were obtained from the TRS Laboratories Inc., Athens, GA, USA. Specimens from a second strain of B. malayi, from the Institute of Cell, Animal and Population Biology of Edinburgh (ED), UK, were examined. Specimens of D. immitis were collected from a cat in Parma (PR), Italy, and from dogs in the following locations: Pavia (PV), Italy; Milano (MI), Italy; Kobe (KO), Japan; Cuba (CU); Athens (AT), GA, USA. Specimens of D. repens were collected from dogs in Pavia (PV) and Milano (MI). Specimens of O. gutturosa and O. ochengi were obtained from naturally infected cattle in Northern Cameroon, and O. gibsoni from naturally infected cattle in Queensland, Australia. W. bancrofti micro¢lariae from a natural infection were obtained from F. Partono, Jakarta, Indonesia. All specimens were stored at 720 8C before DNA extraction. Anaplasma marginale was included in this study to be used as an outgroup. Genomic DNA was puri¢ed, after proteinase K treatment, according to standard phenol^chloroform procedures (Sambrook et al. 1989) . The Wolbachia ftsZ gene was ampli¢ed using primers ftsZf1 and ftsZr1 according to Werren et al. (1995) . The A. marginale ftsZ gene was ampli¢ed using degenerate primers: Two sequencing strategies were followed. For some specimens, PCR products were cloned, and multiple clones sequenced on both strands. For others, PCR products were sequenced directly. 16S rDNA of Wolbachia from O. ochengi and B. malayi were ampli¢ed and sequenced as described in Bandi et al. (1994) . DNA was sequenced using ABI technology. The ftsZ and 16S rDNA sequences obtained have been deposited in the EMBL Data Library (accession numbers: AF081198^AF081200; AJ010266Â J010276).
(b) Data analysis
The ftsZ gene sequences obtained were compared with public databases. An alignment (984 positions, counting the insertions^deletions, indels), including the ftsZ DNA sequences obtained from ¢larial wolbachiae and those reported in Werren et al. (1995) and in Giordano et al. (1997) , was then constructed according to the scheme in Werren et al. (1995) . For some analyses, A. marginale was included as an outgroup. The alignment of the A. marginale ftsZ gene with that of Wolbachia was con¢rmed through comparison of the corresponding protein sequences. All analyses (see below) were e¡ected after excluding or including those portions in which the ftsZ sequence of A. marginale was unreliably aligned with those of Wolbachia (156 positions at the 3' end of the alignment). Phylogenies were estimated using distance matrix (neighbour-joining, UPGMA and Fitch^Margoliash algorithms), and character state methods (maximum likelihood and parsimony), using TREECON (Van de Peer & De Wachter 1993) , PHYLIP v. 3.5c (Felsenstein 1993) , and PAUP 3.1 (Swo¡ord 1993) . Pairwise distances were corrected for multiple substitutions using maximum likelihood, Jukes & Cantor or Kimura corrections. Distance matrices were generated from sequence alignments with and without the indels. Rows of adjacent single-base deletions were treated as single gaps regardless of their length (Van de Peer et al. 1990) . Pairwise distances were also obtained by counting only transversions. The data were analysed including all codon positions, or using only the ¢rst, the second, the third or the ¢rst plus second codon positions. Distance-matrix and parsimony analyses were also performed on protein alignments. The robustness of the results was evaluated by applying bootstrap and taxon resampling. Resampling analyses were not performed for the maximum likelihood character state procedure. Synonymous substitutions (Nei & Gojobori 1986) were estimated using MEGA (Kumar et al. 1993) . Estimated times of divergence were inferred from the corrected percentages of synonymous substitutions between ftsZ gene sequences, using the rate of synonymous substitution (0.007^0.008 Ma
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) estimated by Ochman & Wilson (1987) .
16S rDNA sequences obtained from the wolbachiae of B. malayi and O. ochengi were aligned to those of the wolbachiae of D. immitis (Sironi et al. 1995) and L. sigmodontis (sequence data provided by K. Henkle-Duhrsen), and to all the available 16S rDNA sequences of Wolbachia. Ehrlichia spp., Cowdria ruminantium, and A. marginale 16S rDNA sequences were included as outgroups. 16S rDNA sequences were examined by both distance-matrix and parsimony methods. These analyses were also performed on 16S rDNA alignments including representatives of a, b, and g proteobacteria and of the other main lineages of the eubacteria. Estimated times of divergence were inferred from the corrected ( Jukes & Cantor) percentages of substitutions between 16S rDNA sequences using the substitution rate (0.01 per 50 Ma) estimated by Ochman & Wilson (1987) . For references on the di¡erent tree-building and correction methods reported above see Van de Peer & De Wachter (1993) .
RESULTS
PCR using primers speci¢c for the ftsZ gene of Wolbachia ampli¢ed DNA fragments of the expected length (ca. 1000 bp) from all the specimens examined for the Onchocerca, Brugia, Wuchereria, Diro¢laria, and Litomosoides species (nine species and a total of 16 isolates/ strains). The specimens examined for A. viteae were PCR negative. PCR-ampli¢ed ftsZ gene fragments were then sequenced. In those cases in which PCR products were cloned, three or four clones were sequenced for each specimen. The inconsistencies observed between the clones (0.001^0.005 of base positions) are in the expected range for cloned PCR products, and were resolved by making a majority-rule consensus of the sequences obtained for each sample (i.e. by including the base with the highest frequency). The ftsZ gene sequences obtained were scored against the databases and gave the highest similarity scores with the ftsZ sequences of Wolbachia (as expected for sequences obtained from PCR ampli¢cations using Wolbachia ftsZ-speci¢c primers).
Phylogenetic analyses on 16S rDNA alignments, including representatives of the proteobacteria and of the other main lineages of the eubacteria, grouped ¢larial and arthropod wolbachiae as a monophyletic cluster with 100% bootstrap support (not shown). This cluster was unambiguously assigned to the a2 subclass of the proteobacteria. Within the cluster encompassing arthropod and ¢larial wolbachiae, the pairwise proportions of 16S rDNA substitutions observed were below 0.06. The pairwise proportions of 16S rDNA substitutions observed between the wolbachiae and the other members of the a proteobacteria were above 0.12.
Comparisons between arthropod and ¢larial wolbachiae were made on the ftsZ gene sequences using an alignment of 984 positions (including indels). Alignment of arthropod and ¢larial Wolbachia sequences was unambiguous, with most indels located at the 3' end of the sequences (positions 835^978; see ¢gure 1). All ¢larial wolbachiae have an insertion of 9 bp which is absent in A and B wolbachiae. This insertion is contiguous with another 9 bp insertion found only in A and ¢larial wolbachiae, distinguishing them from B wolbachiae. In addition, two deletions of 3 bp and 9 bp are common to A and ¢larial wolbachiae relative to the B group. However, a deletion of 15 bp, relative to A wolbachiae, is shared between B and ¢larial wolbachiae. Alignment with the outgroup sequence (A. marginale) is unreliable at the 3' end (positions 829^984). Within the ¢rst 828 characters, A. marginale has a deletion of 36 bp relative to the Wolbachia sequences. The alignment including arthropod and ¢larial wolbachiae and A. marginale ftsZ gene sequences is available upon request from the authors.
Phylogenetic analyses indicated that arthropod and ¢larial wolbachiae can be represented as four main lineages (A, B, C, and D; ¢gure 2a). A and B groups in Arthropoda have already been described (Werren et al. 1995) . Group C comprises endosymbionts from Onchocerca and Diro¢laria, while group D contains endosymbionts from Brugia, Wuchereria, and Litomosoides. Lineages A, B, and D are supported by high bootstrap values (85^100%) in all analyses. Bootstrap support for lineage C was high in some analyses (e.g. neighbour-joining: 485%), but very low in others (e.g. multiple parsimony: 560%). Analysis of the distance matrices (summarized in table 1) supports division into four groups: distances between groups are greater than those within groups, with the exception of group C whose maximum within-group distance value is comparable to the average distance observed between A and B wolbachiae.
The relationships among the four lineages are less clear-cut as they depend critically on the placement of the outgroup root. Figure 2a is an example of an unrooted neighbour-joining tree derived from an ftsZ alignment (larger trees, including all the available ftsZ Wolbachia sequences, were generated and showed the same overall topology). Three possible rootings are indicated. These root positionings were obtained in separate analyses using A. marginale as an outgroup. Roots 1 and 2 imply the monophyly of ¢larial wolbachiae: (A. marginale (((C, D) A) B)); (A. marginale ((A, B) (C, D))). The former was the outcome of transversion analysis after either including or excluding the gap region at the 3' end; the latter was the outcome of the other distance-matrix methods after including the 3'-end gap region. After excluding the gap region, most distance-matrix methods gave rise to root 3; this third rooting would imply the paraphyly of ¢larial wolbachiae (A. marginale (((A, B) D) C) ). With the same sequence alignment, the unweighted number of evolutionary steps required by the three di¡erent trees was very similar: root 1, 606 (consistency index (CI) after excluding uninformative characters: 0.50); root 2, 603 (CI: 0.50); root 3, 595 (CI: 51). Parsimony analyses on the di¡erent codon positions or on protein alignments did not produce a better resolution. In all cases, the nodes underlying clusters of main lineages were not supported by bootstrap analysis (560%). Analysis of 16S rDNAs from four ¢larial wolbachiae, in conjunction with arthropod wolbachiae and a selection of rickettsial outgroups, con¢rms their placement into four groups (¢gure 2b), but fails to solve the phylogenetic relationships of the four groups. Figure 2b is an example of a 16S rDNA-based neighbour-joining tree showing a very marginal support to the monophyly of ¢larial wolbachiae. This tree was obtained from an alignment which included the indels (see ½ 2). Other analytical approaches on 16S rDNA sequences resulted in trees showing paraphyletic ¢larial wolbachiae.
Based on the results of ftsZ and 16S rDNA sequence analyses, the phylogeny of the four main lineages of Wolbachia should be represented as unresolved (¢gure 3). Leaving aside the questions on the monophyly versus paraphyly of ¢larial wolbachiae, their phylogeny is consistent with the ¢larial nematode phylogeny inferred by Xie et al. (1994) , with a minor discrepancy (i.e. the positioning of the Wolbachia of L. sigmodontis; see ½ 4). In addition, within nematode species, symbiont diversity is low: ftsZ sequences derived from di¡erent specimens of the same species of ¢laria are identical (D. substitutions), even in those cases in which the geographical origins of the specimens are very di¡erent.
DISCUSSION
The results of our PCR survey indicate that Wolbachia infection is widespread among ¢larial nematodes. The design of this study was not intended to provide an exhaustive sampling of all ¢larial species, but rather to survey key taxa. Based on both traditional taxonomy (Anderson 1992 ) and molecular phylogenetics (Xie et al. 1994) , the ten species surveyed here are a representative sample of the taxonomic diversity within the Onchocercidae that infect mammals. Out of the 17 isolates/strains examined for these ten species, the sole specimens that do not appear to host Wolbachia belong to A. viteae. This agrees with previous records on the absence of bacterialike bodies in A. viteae (McLaren et al. 1975 ). In addition, failure to detect Wolbachia in A. viteae has recently been recorded by other authors (D. W. Buttner, personal communication). Acanthocheilonema could represent a deep-branching lineage of the evolutionary radiation of the family Onchocercidae (Chabaud & Bain 1976; Xie et al. 1994) . Thus, the failure to detect Wolbachia in A. viteae could be either an ancestral condition (if we assume Acanthocheilonema is the sister group of the remaining ¢lariae), or the outcome of a secondary loss of symbionts.
Evidence for the existence of wolbachiae in ¢larial nematodes, but distinct from those of arthropods, was ¢rst reported by Sironi et al. (1995) on the basis of 16S rDNA sequences. Our analyses con¢rm that ¢larial endosymbionts are more closely related to arthropod wolbachiae than to any other bacterium for which 16S rDNA or ftsZ gene sequences are available. However, in addition to groups A and B, which encompass arthropod wolbachiae (Werren et al. 1995) , 16S rDNA and ftsZ sequences de¢ne two additional groups, here designated C and D, which encompass ¢larial wolbachiae. Within the a2 subclass of the proteobacteria, the cluster encompassing arthropod and ¢larial wolbachiae is shown by our analyses as a monophyletic and olophyletic lineage. 16S rDNA diversity within this lineage is low compared to the diversity observed between its members and the other representatives of the a2 proteobacteria (see ½ 3). It is, of course, possible that sequence data from as yet unexamined bacteria will make the distinction of groups A^D less clear-cut from other taxa of the proteobacteria. However, based on our present knowledge it is correct to include C and D groups in the genus Wolbachia. ftsZ and 16S rDNA sequence analyses yield an ambiguous placement for the root between arthropod (A and B) and ¢larial (C and D) wolbachiae, with some analyses yielding paraphyly and others monophyly. In all cases, bootstrap support for these alternative tree topologies was very low. Thus, we cannot di¡erentiate between monophyly or paraphyly of ¢larial wolbachiae. We are aware of the problems engendered by the use of distant outgroups like A. marginale, C. ruminantium, and Ehrlichia spp., but there are currently no known taxa that could serve as closer outgroups. Based on overall ftsZ sequence similarity, A and B wolbachiae appear more closely related to each other than either of them appears related to C or D wolbachiae (table 1) . On the other hand, the pattern of indels in the 3' end of the ftsZ alignment (¢gure 1) is identical between C and D wolbachiae. However, this information cannot be used to derive monophyly because the outgroup sequence (A. marginale) is not reliably aligned in this region. The inability of even the reliably aligned segments of the ftsZ and 16S rDNA sequences to give a de¢nitive answer on the relationships of the main lineages of Wolbachia may derive from the high level of nucleotide divergence from the outgroups.
In the absence of conclusive evidence of the relationships of the C and D wolbachiae to each other, and to the arthropod wolbachiae, comparison of symbiont and nematode phylogenies can only be perfomed within the C and D groups. In group C, ¢ve specimens of D. immitis, collected in Japan, Italy, and the USA, show identical ftsZ Wolbachia sequences. In addition, up to the genus level, the taxonomic relationships of the hosts are consistent with the phylogeny of the symbionts. A similar pattern is observed in group D where, above the genus level, the well-established relationship of lymphatic ¢lariae (Brugia spp. and W. bancrofti) is also mirrored by the relationship of the symbionts. If we consider ¢larial wolbachiae as a monophyletic group, the sister-taxon status of the bacteria of L. sigmodontis with those of the lymphatic ¢lariae (Brugia spp. and W. bancrofti) is perhaps problematic. The grouping (L. sigmodontis, lymphatic ¢lariae) agrees with some traditional classi¢cations (e.g. Anderson 1992 ), but does not agree with a phylogenetic reconstruction based on 5S rDNA spacer regions, which claims that L. sigmodontis is a representative of a deepbranching lineage in ¢larial evolution (Xie et al. 1994) . On the other hand, the grouping of Onchocerca spp. and Diro¢laria spp. wolbachiae is consistent with Xie et al.'s phylogenetic proposal, but inconsistent with Anderson's classi¢cation. However, the disagreement between Anderson's classi¢cation and Xie et al.'s phylogeny has not yet been fully evaluated. In addition, no comprehensive molecular study on the phylogeny of the Onchocercidae has been published other than that by Xie et al. (1994) . Thus, we are not able to establish whether or not the phylogenetic positionings of the symbionts of L. sigmodontis and Onchocerca spp. (as shown by both ftsZ and 16S gene sequences) match the (true) host phylogeny. However, we emphasize that the phylogenetic relationships of the symbionts match all the host relationships that are unquestioned. It is also useful to consider that the average proportion of synonymous substitutions between ftsZ sequences of C and D wolbachiae (0.71 after correction) may imply an evolutionary separation of about 100 Ma. Similarly, the average proportion of 16S rDNA substitutions (0.045) between C and D wolbachiae suggests an evolutionary separation of about 100 Ma. Estimates of the origin of the Onchocercidae are of the same order of magnitude (Bain 1981) .
A more de¢nitive comparison of the host and symbiont phylogenies would require robust phylogenies for both host and symbionts. We therefore limit ourselves to emphasizing the following results: (i) Wolbachia has been detected in nine out of the ten species of the family Onchocercidae examined; in those cases in which two or more isolates/strains per species were examined, all isolates/ strains were positive; (ii) wolbachiae from di¡erent individuals of the same host species, collected in di¡erent geographical locations, show identical or nearly identical ftsZ DNA sequences; (iii) up to the genus level, the relationships of the hosts are congruent with the phylogeny of the symbionts; (iv) above the genus level, the well-established relationship of lymphatic ¢lariae is mirrored by the relationship of their symbionts; (v) wolbachiae can be assigned to four main lineages; (vi) the sister-group relationships of the four lineages of Wolbachia are not resolved by ftsZ and 16S rDNA analyses. Despite the unresolved issues, our results suggest that the association between ¢larial nematodes and Wolbachia is stable and that transmission of Wolbachia in these nematodes has been predominantly vertical. Cases of horizontal transmission (and, possibly, replacement of the original symbiotic population) may have occurred during evolution: for example, if we assume the phylogeny inferred by Xie et al. (1994) is the true phylogeny, symbionts should have moved from ¢lariae of the Litomosoides lineage to ¢lariae in the BrugiaŴ uchereria lineage (or vice versa). Events of endosymbiont loss may also have occurred along the lineage leading to A. viteae (if we assume that the absence of Wolbachia in this species is not primitive). However, the contribution of horizontal transmission events and losses of symbionts to the overall host^symbiont evolutionary pattern appear to be of secondary importance. The prevalence and apparent stability of the Wolbachia^¢laria symbiosis suggest that Wolbachia plays an as yet unknown role in the biology of ¢larial nematodes. The activity of tetracycline against ¢larial worm development (Bosshardt et al. 1993; Genchi et al. 1998; J. W. McCall, personal communication) could thus derive from the action of tetracycline on Wolbachia endosymbionts, even though the possibility that tetracycline has a direct toxic e¡ect on ¢larial nematodes (or an indirect e¡ect mediated by endosymbionts di¡erent from Wolbachia) cannot be dismissed. The Wolbachia population of ¢larial parasites could also be regarded as a package of somatic antigens. Since the death and disintegration of worms are thought to provoke in£ammatory reactions (e.g. Cooper et al. 1997) , the possibility that Wolbachia antigens play a role in the immunopathology of ¢lariases should be studied with some urgency.
Is the distribution of Wolbachia in ¢larial nematodes the outcome of a recent contagious spread, or is it the result of an ancestral association and co-divergence of hosts and symbionts? The nucleotide divergence between the major clades of Wolbachia and the overall consistency of the host^symbiont phylogenetic relationships (at least at the species and genus level) argue against recent contagious transfer of Wolbachia from arthropods to nematodes. The divergence between arthropod and ¢larial wolbachiae (which could be explained by an evolutionary separation of 100 Ma), and the absence of interdigitation among their phylogenies, also suggest that ¢larial nematodes are not acting as a vector system for the horizontal transmission of Wolbachia in arthropods. However, the separation time of the two host phyla (4600 Ma) is much greater than that estimated for the Wolbachia clades (ca. 100 Ma). Thus, one of the following events should have occurred around 100 Ma ago: horizontal transmission of Wolbachia between arthropods and nematodes, or independent acquisition of Wolbachia by arthropods and nematodes. Considering that ¢larial nematodes are arthropod-borne parasites, the ¢rst scenario appears reasonable. The second scenario would imply a third host: Wolbachia belongs to a group of bacteria which is thought to have acquired the intracellular lifestyle long before 100 Ma ago (Weisburg 1989) . Elucidating the evolutionary events which gave rise to the current distribution of Wolbachia in arthropods and nematodes will require a deeper knowledge of the phylogeny of Wolbachia, and related bacteria, and of their distribution in the di¡erent animal phyla.
